We study the kaonic atom and kaonic nucleus formation by the in-flight (K − , p) reactions for C, O, Si and Ca target cases theoretically. Deeply bound kaonic atoms were predicted to exist as quasi-stable states and were expected to be observed in some proper experimental methods. Kaonic nuclear states are also expected to exist with large decay widths. We evaluate the formation cross sections of the kaonic atoms and kaonic nuclei using an effective number approach. We show that the indications of the kaonic bound states can be observed in the outgoing proton energy spectra. §1. Introduction Kaonic atoms and kaonic nuclei carry important information on the K − -nucleon interaction in the nuclear medium. This information is very important for the constraints of kaon condensation in high density matter. The properties of kaons in nuclei are largely influenced by the change of Λ(1405) in the nuclear medium, since Λ(1405) is a resonance state just below the kaon-nucleon threshold. In fact, there were studies of kaonic atoms by modifying the properties of Λ(1405) in the nuclear medium. 1), 2), 3) These works demonstrated the ability of reproducing the kaonic atom properties, which come out to be as good as the phenomenological study of Batty. 4) Recently, there have been very important developments in the description of hadron properties in terms of the SU(3) chiral Lagrangian. The unitarization of the chiral Lagrangian provides the Λ(1405) resonance state as a baryon-meson coupled system. 5), 6) Then, the properties of Λ(1405) in the nuclear medium using the SU(3) chiral unitary model was also investigated by Waas et al., 7) Lutz 8) and Ramos and Oset. These approaches lead to a kaon selfenergy in the nuclear medium which can be tested with kaonic atoms and kaonic nuclei.
§1. Introduction
Kaonic atoms and kaonic nuclei carry important information on the K − -nucleon interaction in the nuclear medium. This information is very important for the constraints of kaon condensation in high density matter. The properties of kaons in nuclei are largely influenced by the change of Λ(1405) in the nuclear medium, since Λ(1405) is a resonance state just below the kaon-nucleon threshold. In fact, there were studies of kaonic atoms by modifying the properties of Λ(1405) in the nuclear medium. 1), 2), 3) These works demonstrated the ability of reproducing the kaonic atom properties, which come out to be as good as the phenomenological study of Batty. 4) Recently, there have been very important developments in the description of hadron properties in terms of the SU(3) chiral Lagrangian. The unitarization of the chiral Lagrangian provides the Λ(1405) resonance state as a baryon-meson coupled system. 5), 6) Then, the properties of Λ(1405) in the nuclear medium using the SU(3) chiral unitary model was also investigated by Waas et al., 7) Lutz 8) and Ramos and Oset. 9) All of them have considered the Pauli effect on the intermediate nucleons. In addition in Ref. 8 ) the selfenergy of the kaon in the intermediate states is considered and in Ref. 9 ) the selfenergies of the pions and baryons are also taken into account. These approaches lead to a kaon selfenergy in the nuclear medium which can be tested with kaonic atoms and kaonic nuclei.
In our previous work, 10) we adopted the scattering amplitude in the nuclear medium calculated by Ramos and Oset 9) for the studies of kaonic atoms, and showed the ability of reproducing the existing kaonic atom data as good as the optical potential reported by Batty. 4) We then calculated the deeply bound kaonic atoms for 16 O and 40 Ca, which had narrow widths and were expected to be observed by proper methods. 11), 12) We also obtained very deep kaonic nuclear states, which had large decay widths of the order of several tens of MeV. The (K − , γ) reaction was studied for the formation of the deeply bound kaonic states 10) which could not be observed by the kaonic X-ray spectroscopy, using the formulation developed in Ref. 13 ) for the formation of deeply bound pionic atoms with the (π − , γ) reaction.
Another very important development in these years is in the studies of kaonic nuclear states, which are the kaon-nucleus bound systems mainly due to the strong interaction. The experimental studies of the kaonic nuclear states by the in-flight (K, N ) reactions were proposed and performed by Kishimoto and his collaborators. 14) , 15) The experiments by stopped (K, N ) reactions are carried out by Iwasaki, T. Suzuki and their collaborators and reported in Refs. 16), 17) . In these experiments, they have found some indications of the existence of the kaonic nuclear states. There are also theoretical studies of the structure and formation of the kaonic nuclear states related to these experimental activities. 18) It should be noticed that the theoretical studies predicted the possible existence of the ultra-high density states in the kaonic nuclear systems. 18) In this paper, we study the in-flight (K − , p) reactions systematically to populate the deeply bound kaonic states and to observe their properties in experiments. We have witnessed the usefulness of the direct reactions for the formation of the deeply bound pionic atoms by using the (d, 3 He) reactions. 19), 20), 21), 22) However, in the present case one would have to produce a K + in addition in this (d, 3 He) reaction and there would be a large momentum mismatch. For this reason the (K − , γ) reaction was considered first in Ref. 10 ). Here we consider another reaction (K − , p) theoretically and show the systematic results to know the experimental feasibility of the reaction. The (K − , p) reaction was proposed before in Refs. 12), 14), however, the realistic spectra have not been calculated so far. We calculate the expected spectra theoretically using the same approach used in Ref. 20) for the deeply bound pionic atom formation reaction. We think this theoretical evaluation will be interesting and important for the studies of kaon properties in nuclear medium.
In sect. 2, we describe the theoretical model for the structure of the kaon-nucleus bound systems and show the numerical results. Theoretical formalisms and numerical results of the (K − , p) reactions are discussed in sect. 3. We give a summary in sect. 4. §2. Structure of Kaonic Atoms and Kaonic Nuclei
Formalism
We study the properties of kaonic bound systems by solving the Klein-Gordon equation
Here, µ is the kaon-nucleus reduced mass and V coul (r) is the Coulomb potential with a finite nuclear size:
where ρ p (r) is the proton density distribution. We take the empirical Woods-Saxon form for the density and keep the shapes of neutron and proton density distributions the same:
where we use R = 1.18A 1/3 − 0.48 [fm] and a = 0.5 [fm] with A the nuclear mass number.
The kaon-nucleus optical potential V opt is written as;
where a eff (ρ) is a density dependent effective scattering length and η = 1 + m K /M N . In this paper, we apply two kinds of the effective scattering length, which are the results obtained by the chiral unitary approach 9) and one of the results of a phenomenological fit. 23) Here, we do not introduce any energy dependences for the effective scattering lengths, and we use the scattering lengths at the KN threshold energy. The a eff of the chiral unitary approach is described in Ref. 10) in detail, which is defined by the kaon self-energy in nuclear matter with the local density approximation. The a eff of the phenomenological fit is one of the results reported in Ref. 23 ) and is parameterized as;
The reason why we consider these two potentials is that the both potentials provide equivalently good descriptions to the observed kaonic atom data even they have much different potential depths as we will see in next subsection. Thus, it should be extremely interesting to see the consequences of these potentials in the (K − , p) reaction spectra including kaonic nuclear region. We solve the Klein-Gordon equation numerically following the method of Oset and Salcedo. 24) The application of the method to the pionic atom studies were reported in detail in Ref. 25).
Numerical results
We show the kaon nucleus potential for the 39 K case in Fig. 1 as an example. Since the real part of a eff (ρ) changes its sign at a certain nuclear density in both chiral unitary and phenomenological models, the kaon nucleus optical potential is attractive while keeping the repulsive sign for the kaon-nucleon scattering length in the free space.
The real part of the scattering length of the phenomenological fit depends on the density much more strongly than the results of chiral unitary model and gives Re a eff (ρ 0 ) = 1.51 [fm] . Hence, as we can see in Fig. 1 , the depths of the real optical potentials are significantly different each other for these models. On the other hand, the density dependence of the imaginary part of the phenomenological scattering length is rather flat and the strength is similar to that of the chiral unitary model. The calculated energy levels for atomic states and nuclear states in 39 K are shown in Fig. 2 , where the results of the chiral model and those of the phenomenological model Eq. (2 . 5) are compared. We can see that the results obtained with both potentials are very similar in atomic states. We find that the deep atomic states such as atomic 1s in 39 K, still unobserved, appear with narrower widths than the separation between levels and are predicted to be quasistable states. Similar results were reported in previous references. 10), 11) Since the several model potentials predict the existence of the quasistable deep atomic states, it should be interesting to confirm the states experimentally. On the other hand, the predicted binding energies and widths are so stable and almost independent to the potential models considered here. Hence, it is very difficult to distinguish the theoretical potentials only from the observation of atomic levels.
In lower panels of Fig. 2 , we also show the energy levels of the deep nuclear kaonic states of 39 K using the chiral unitary model potential and the phenomenological model potential. The deep nuclear states are shown by solid bars with the numbers, which indicate their widths in unit of MeV. These nuclear states have extremely large widths in all cases and will not be observed as peak structures in experiments if they really have such huge widths. We should, however, mention here that the level structures of both potential models are significantly different each other. In chiral unitary potential, only two nuclear states are expected, while the eight states are predicted to exist in phenomenological model. Hence, we may have chance to distinguish the theoretical potentials in observations of kaonic nuclear states.
Calculated density distributions of nuclear 1s and 2s, and atomic 1s kaonic states in 39 K are shown in Fig. 3 for the case with the phenomenological optical potential. The wavefunctions of the deep nuclear kaonic states stay almost inside of the nuclear radius, which is about 3.5 fm for 39 K. Hence, the widths become extremely large of the order of 100 MeV. The wavefunctions of the atomic states are pushed outwards by the imaginary part of the strong interaction. It should be noticed that the atomic 1s state corresponds to the 4-th s state actually in the solutions of the Klein-Gordon (KG) equation Eq. (2 . 1). We divided the series of KG solutions into two categories which are eatomic statesf and enuclear statesf since the properties of these states are We also have calculated the kaon-nucleus binding energies and widths for both atomic and nuclear states in other nuclei. The obtained results are compiled in Table I and Table II for the phenomenological optical potential and for the chiral unitary potential cases, respectively. We selected 11 B, 15 N, 27 Al and 39 K nuclei, which will appear in the final states of the formation reactions for 12 C, 16 O, 28 Si and 40 Ca target cases as described in next section. In all cases, we found kaonic atom states and kaonic nuclear states. The results of atomic states resemble each other for both potential cases and are known to reproduce existing data reasonably well. On the other hand, the certain differences are found in kaonic nuclear states energy spectra as expected and they should be investigated experimentally by proper methods. We should mention here that the kaonic nuclear 2p state in 27 Al in Table II provides the negative value for the binding energy. This state is, however, interpreted as to be bound since the corresponding eigen energy in non-relativistic Schrödinger equation has opposite sign to the Klein-Gordon solution due to the large widths of the nuclear states as shown below. The binding energies B KG and widths Γ KG of the Klein-Gordon equation, which are tabulated in Table I and II, are defined as E = (µ − B KG ) − 293.7 1.5×10
Thus, in the case of the kaonic 2p nuclear state in 27 Al in Table II , the non-relativistic binding energies and widths are B S ∼ 0.5MeV and Γ S ∼ Γ KG , which indicate that the state is bound. §3. Kaonic atoms and Kaonic nuclei formation in (K − , p) reactions
Formalism
We adopt the theoretical model in Ref. 20) to calculate the formation cross sections of the kaonic atoms and kaonic nuclei in the (K − , p) reaction. In the model the emitted proton energy spectra can be written as;
where all (kaon-particle) ⊗ (proton-hole) configurations are summed up in the final kaonic bound states. The differential cross section of the elementary process of the reaction K − + p → p + K − in laboratory frame (dσ/dΩ) lab K − p→pK − is evaluated using the K − p total elastic cross section data in Ref. 26 ) by assuming the flat angular distribution in the center of mass frame at each energy. The resonance peak energy is determined by ∆E included in Eq. (3 . 1), which is defined as;
where T K is the incident kaon kinetic energy, T p the emitted proton kinetic energy, and B K the kaon binding energy in the final state. The proton separation energy S p from each single particle level listed in Table III is obtained from data in Refs. 27), 28),29),30),31),32). We use data in Ref. 33 ) for the separation energies of the protonhole levels corresponding to the ground states of daughter nuclei. The widths of the hole states Γ p are also listed in Table III , which are obtained for the same data sets by assuming the widths of the ground states of daughter nuclei to be zero because of their stabilities. The effective number N eff is defined as;
3)
The proton and the kaon wavefunctions are denoted as ψ jp and φ l K . We adopt the harmonic oscillator wavefunction for ψ jp . The spin wave function is denoted as ξ 1/2,ms , and we take the spin average with respect to m s so as to take into account the possible spin direction of the protons in the target nucleus. χ i and χ f are the initial and final distorted waves of the projectile and ejectile, respectively. We use the eikonal approximation and replace χ f and χ i as;
where q is the momentum transfer between the projectile and ejectile and the distortion factor D(z,b) is defined as;
Here, the kaon-nucleon and proton-nucleon total cross sections are denoted as σ KN and σ pN . ρ A (z, b) and ρ A−1 (z, b) are the density distributions of the target and the daughter nuclei in beam-direction coordinate z with an impact parameter b, respectively. We calculate the kaonic bound states wavefunctions using the optical potentials obtained by the chiral unitary model 10) and the phenomenological fit 23) as described in Sect. 2. In the chiral unitary model, the depth of the attractive potential is only around 40MeV at the center of the nucleus, which is much weaker than the phenomenological potential in Ref. 23 ). For the case of the phenomenological potential, there exist kaonic nuclear bound states with huge binding energies like 100 ∼ 200 MeV. For these bound states, theKN system can not decay into πΣ because of the threshold, and hence, the widths of these states are expected to be narrower. On the other hand for chiral unitary potential cases, we do not have the narrow nuclear states such as in Refs. 14), 18), since the decay phase space forKN system to πΣ channel is large enough because of smaller binding energies. In order to introduce the enarrowing effectsf for the widths due to the phase space suppression, we introduce a phase space factor f MFG defined in Ref. 34 ) by Mareš, Friedman, and Gal as; are the phase space factors forKN → πΣ decay andKNN → ΣN, respectively. These factors are defined as;
(3 . 8) Here, the branching ratios of mesic decay and non-mesic decay are assumed to be 80 % and 20%. Masses are defined as M 01 = mK + m N , M 1 = M 01 + E, M 02 = mK + 2m N , M 2 = M 02 + E, and E is the kaon energy defined as E = T K − T p − S p using the same kinematical variables in Eq. (3 . 2). We multiply the phase space factor f MFG to the energy independent kaonic widths Γ K to introduce the energy dependence due to the phase space suppression as;
Numerical Results
We show the numerical results for the kaon bound state formation spectra in this subsection. First, we consider the momentum transfer of the (K − , p) reactions as a function of the incident kaon energy which is important guide to know the suitable incident energies to get large production rate of the bound states. Since we consider both atomic and nuclear kaon states, we assume four different binding energies to calculate the momentum transfer. We consider the forward reactions and the momentum transfer in laboratory frame is shown in Fig. 4 . As can be seen in the figure, the recoilless condition can be satisfied only for atomic states at T K = 10 ∼ 20 MeV. For deeply bound nuclear states, the reaction always needs a certain momentum transfer. On the other hand, the incident energy dependence of the momentum transfer is not strong for kaonic nuclear states as shown in Fig. 4 . We consider formation of kaonic atoms and kaonic nuclei separately since their properties, and hence, the optimal kinematical conditions for their formation are expected to be different. We consider first the formation of atomic states. Since the binding energies of atomic states are small enough, we can neglect safely the phase space effect for the decay widths considered in Eqs. (3 . 6)-(3 . 9). For atomic states, the obtained wavefunctions and energy spectra are almost same for both the chiral unitary and the phenomenological potentials. Hence, we show the results only for chiral unitary potential case.
The energy dependence of the atomic 1s state formation rate is studied in the beginning in order to know the optimal incident energy for the deepest atomic 1s state observation in the (K − , p) reactions. For the purpose, we show in Fig. 5 the energy dependence of the ratio of the calculated effective numbers of the kaonic atom 1s and 2p states coupled to [d −1 3/2 ] proton-hole state in 39 K. We find that the contribution of the 1s state is comfortably larger than that of 2p state at T K =20MeV and we can expect that the 1s state can be observed clearly without large background due to 2p kaonic state at this energy, where the momentum transfer is reasonably small for atomic states formation. Then, we consider the energy dependence of the peak height of the 1s kaonic atom state coupled to [d −1 3/2 ] proton-hole state in 39 K to know the suitable incident energy to have the large cross section. As we can see in Fig. 6 , the cross section takes the highest value around T K =30 -40 MeV. And we find that the cross section will have a local maximum value around T K = 400 MeV. From these observations, we take T K =20 and 400 MeV as the incident kaon energies where we calculate the energy spectrum of the emitted proton. We also consider T K =100 MeV as an energy between 20 and 400 MeV. We should mention here that the eikonal approximation is known to be valid only for high energies. Thus, the results for low energies T K ≤100 MeV should be considered as rough estimations. ] proton-hole state in 39 K is plotted as a function of the incident kaon energy TK. In Fig. 7 we show the calculated spectra for 40 Ca target including contributions from the kaonic atom states up to 4f for each [1d We show in Fig. 8 the detailed structure of the kaonic atom formation cross section coupled to the ground state of the daughter nucleus 39 K. Contributions from deeper proton-hole states will be the smooth background of the spectra in this energy region because of their large widths. We find that the contributions from deeply bound 1s and 2p kaonic atom states are well separated from each other. At T K =20 MeV, the peak due to 1s state is significantly larger than that of 2p state as expected from the result in Fig. 5 . The peak height of the atomic 1s contribution is around 7 [µb/(sr MeV)] at T K =20 and 100 MeV. At T K =100 MeV, the 2p peak is enhanced and is around 24 [µb/(sr MeV)]. The whole shapes of the cross section at 100 MeV and 400 MeV resemble each other, while the absolute strength at 400 MeV is around 1/3 ∼ 1/4 of that of 100MeV.
We then consider the formation spectra of the kaonic nuclear states in the (K − , p) reactions. We select the incident kaon energy as to be T K = 600 MeV, where the experimental data are available. 15) We show in Fig. 9 , the formation spectra of kaonic nuclei together with those of kaonic atoms as functions of the emitted proton kinetic energies. Here, the widths of the kaonic states are fixed to be constant as listed in Table I and II. The effects of proton-hole widths Γ p are included. We have found that the spectra does not show any peak-like structure due to the nuclear states formation but only show the smooth slope for both chiral unitary and phenomenological optical potential cases. The contributions from the atomic states formation are found as very narrow two peaks around threshold energies for both potential cases. Each peak contains the several peaks due to the formation of several atomic states like a spectrum shown in Fig. 8 .
In order to include the phase space effects on the decay widths for the final kaon system, we multiply the phase space factor defined in Eq. (3 . 6)-(3 . 9) to the widths of kaonic states Γ K and calculate the (K − , p) spectra. We show the results in Fig. 10 for both potential cases. We find that the spectrum for chiral unitary potential has not been affected much by the phase space effect. However, the (K − , p) spectrum shape for the phenomenological potential is distorted by including the phase space factor and is expected to show certain bumpy structure as reported in Ref. 15 ).
We performed the systematic calculations for other target nuclei, 12 C, 16 O, and 28 Si at T K = 600 MeV and show the results in Fig. 11 . In Ref. 15) , the experimental data with 16 O target is reported and the data with 12 C and 28 Si targets could be obtained in future 36) . As shown in Fig. 11 , we have found that we could expect to find some bumpy structures in the (K − , p) spectra due to the formation of the kaon nucleus states, especially in 12 C target case, if the kaon-nucleus optical potential is deep as 200 MeV as reported in Ref. 23 ). On the other hand, if the depth of the optical potential is shallow as 40 MeV as predicted in chiral unitary model, the spectrum may not show any bumpy structures but only show smooth slope for all targets cases considered here. 12 C, (Middle) 16 O, and (Bottom) 28 Si, respectively. §4. Conclusion
We have studied the structure and formation of kaonic atoms and kaonic nuclei in this paper. We used two different kaon-nucleus optical potentials which are obtained by the chiral unitary model and by the phenomenological fit of existing kaonic atom data. We studied theoretically the structure of kaonic atoms and kaonic nuclei using these potentials and showed the differences of obtained level scheme of kaonic nuclear states.
We also study the formation cross sections of the deeply bound kaonic atoms and kaonic nuclei which can not be observed by the standard X-ray spectroscopy. The all atomic states are predicted to be quasi-stable theoretically. We investigate the (K − , p) reaction theoretically and evaluate the cross section of 40 Ca(K − , p) reaction in detail. For the deep atomic states formation, the cross sections are expected to be around 7 [µb/(sr MeV)] at T K =20 and 100 MeV, and to be around 2 [µb/(sr MeV)] at 400 MeV for kaonic atom 1s state formation. For atomic 2p state, the cross section will be around 24 [µb/(sr MeV)] at T K =100 MeV.
We study the formation cross sections of the kaonic nuclear states in the (K − , p) reactions systematically for various target cases, too. In order to take into account the phase space suppression effects of the decay widths, we introduce the phase space factor to obtain the (K − , p) spectra. We found in our theoretically studies that in the (K − , p) reactions, the certain bumpy structure due to the kaonic nucleus formation can be seen only for deep (∼ 200 MeV) phenomenological kaon nucleus potential cases. Due to the phase space suppression, the decay widths of kaonic states become so narrow that we can see certain bumpy structure in the reaction spectrum, which could be seen in experiments. As for the chiral unitary potential cases, the binding energies are too small to reduce the decay widths and to see the bumpy structure in the spectra of the (K − , p) reactions. However, we should include the energy dependence of the chiral unitary potential properly in the future studies of kaonic nuclear states.
In order to obtain more decisive results theoretically, we need to apply Green function methods for the states with large widths 37) and to consider energy dependence of the optical potential properly. Furthermore, we should consider the changes and/or deformations of the nucleus due to the existence of kaon inside and solve the problem in self-consistent manner for kaonic nucleus states. However, we believe that the present theoretical efforts to evaluate the absolute cross sections for the kaonic bound states formation are significantly relevant to know the suitable method to observe them, and helpful to develop the physics of kaon-nuclear bound systems and kaon behavior in the nuclear medium. We think we need further investigations both theoretically and experimentally to understand the kaon behavior in nuclear medium more precisely.
